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MinireviewMetalloproteases:
Carving Out a Role
in Axon Guidance
Metalloproteases are expressed in the growth cones
of numerous vertebrate neurons (references in Muir,
1994; Webber et al., 2002; Zuo et al., 1998). Early culture
studies suggested a role for metalloproteases in axon
elongation (references in Muir, 1994; Webber et al.,
Sarah McFarlane*
University of Calgary
Genes and Development Research Group
HSC 2207
3330 Hospital Drive, NW
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hibit CNS axon extension defects (Fambrough et al.,
1996). Several recent papers have raised the possibility
that metalloproteases also regulate the guidance of ax-
ons. Data from axons extending in vitro indicate thatTwo families of metalloproteases, the matrix metallo-
metalloproteases regulate axon behavior through theproteases (MMPs) and the A Disintegrin and Metallo-
cleavage of the ectodomains of guidance cues and/orproteases (ADAMs), have recently been implicated in
their receptors (Galko and Tessier-Lavigne, 2000; Hat-the formation of neural connections in the developing
tori et al., 2000). For example, ADAMs have been impli-central nervous system. Invertebrate and vertebrate
cated in terminating the high-affinity interaction be-axons fail to extend and/or make pathfinding errors
tween the ephrins and their Eph receptors (Hattori etwhen metalloprotease function is inhibited or absent.
al., 2000). Coimmunoprecipitation experiments suggestCulture studies suggest that this requirement for met-
that ADAM10, which is widely expressed in the embry-alloprotease activity results from their ability to cleave
onic day 18 mouse brain, forms a stable complex withligands, or their receptors, so as to activate or inhibit
ephrinA2. Interaction of the complex with an Eph recep-specific axon extension or guidance signaling pathways.
tor then results in the specific and temporally regulated
cleavage of the ectodomain of ephrinA2. Functionally,
the end result of the cleavage is to terminate the ligand/Growth cones, motile structures found at the tips of
receptor interaction: growth cones of hippocampal neu-developing axons, interpret cues in the environment in
rons encountering cells expressing the repulsive ephrinA2order to extend and reach their targets. The presentation
collapsed and withdrew, whereas, when the ephrin/Ephand transduction of these cues depend on additional
interaction could not be terminated through ephrinmolecules both intrinsic and extrinsic to the growth cone
cleavage, only collapse was observed. The released sol-(Dickson, 2002). In particular, recent data indicate that
uble ephrin may additionally inhibit further Eph signalingtwo families of metalloproteases function by cleaving
by preventing the receptor’s interaction with the cell-ligands or their receptors to activate or terminate a cue’s
anchored ephrin. Two pieces of data argue for ADAM10action on the growth cone. Metalloproteases are zinc-
involvement in the topographic mapping of retinal gan-dependent enzymes of the Metzincin superfamily. They
glion cell (RGC) axons, in which the repulsive Eph signal-include the matrix metalloprotease (MMP) and the A
ing pathway is known to function. First, similar toDisintegrin and Metalloprotease (ADAM) families. The
ephrinA2, ADAM10 is expressed in a graded posterior-former contains at least 23 members and is implicated
to-anterior fashion in the embryonic mouse midbrain.in remodeling the extracellular matrix (ECM) in diverse
Second, cleavage of ephrinA2 is necessary for growthbiological and pathological central nervous system
cones to withdraw after contacting ephrinA2-expressing(CNS) processes (Kaczmarek et al., 2002; Yong et al.,
cells, although this has yet to be shown for RGC axons.
2001). Most MMPs are secreted, although a subset are
While these data implicate a specific metalloprotease-
membrane-type MMPs (MT-MMPs). In contrast, the
target interaction in controlling the behavior of RGC
ADAM family, which consists of at least 30 members, are axons, a word of caution is suggested by the observa-
mostly transmembranous. In addition to their proteolytic tion that treatment of posterior and anterior chick tectal
domain, ADAMs contain a disintegrin domain, which is membranes with metalloprotease inhibitors had no ef-
thought to mediate interactions with the ECM or cell fect on the preference of RGC axons for anterior mem-
surface receptors (Schlondorff and Blobel, 1999). Both branes (reference in Webber et al., 2002). The function
MMPs and ADAMs are expressed in the developing of another well-known pair of guidance molecules, Ne-
CNS, where their diversity and widespread distributions trin and its receptor Deleted in Colorectal Cancer (DCC),
suggest that they may play numerous roles (Yong et al., may also involve metalloprotease activity. Stimulation
2001). By using either genetically deficient mice, specific of neurite outgrowth from rat embryonic dorsal spinal
hydroxamate inhibitors designed against the catalytic cord explants by the vertebrate guidance molecule Ne-
site (e.g., GM6001, IC-3, BB-94), or dominant-negative trin-1 was potentiated by IC-3 and GM6001 (Galko and
(DN) proteins against specific members, studies have Tessier-Lavigne, 2000). These inhibitors also blocked
implicated metalloproteases in such key developmental shedding of the ectodomain of DCC, suggesting that a
processes as neurogenesis, myelination, and neural greater number of intact receptors was responsible for
crest cell migration (Yong et al., 2001). Now axon guid- the enhanced outgrowth.
ance can be added to the list. Taken together these studies indicate that metallopro-
teases are part of the mechanism that steers extending
axons; however, in vivo evidence has been lacking until*Correspondence: smcfarla@ucalgary.ca
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Figure 1. Metalloprotease Involvement in
Guidance
(A) MIG-17 regulates distal tip cell (DTC) mi-
gration in the worm gonad (Nishiwaki et al.,
2000). In mig-17 mutants, the ventral migra-
tion of DTCs occurs normally, but guidance
defects occur when the DTCs start their dor-
sal migration along the body muscle wall. (B)
KUZ function is required for the formation of
the longitudinal commissures in the develop-
ing Drosophila CNS (Schimmelpfeng et al.,
2001). In kuz mutants, fasciclin II-positive ax-
ons aberrantly cross the midline, and the lon-
gitudinal commissures are narrower. Addi-
tionally, the clearance of the Robo guidance
receptor from axons that normally cross the
midline fails to occur when a dominant-nega-
tive KUZ is expressed by midline cells. (C)
Metalloproteases regulate pathfinding and
target recognition by RGC axons (Webber et
al., 2002). Metalloprotease inhibitors applied
to developing RGC axons cause defects at
two critical decision points: when applied
early, axons failed to make a caudal turn in the
diencephalon, and when applied late, axons
aberrantly turned and grew past their normal
midbrain target, the optic tectum.
recently. The first demonstration of an interaction be- no longer repelled, but rather criss-cross the midline.
The metalloprotease Kuzbanian appears to regulate Slit-tween metalloproteases and guidance molecules in vivo
came from a study of the nematode gonad (Nishiwaki Robo signaling at the midline. In kuz mutants, the longi-
tudinal tracts are reduced in size, and many Fasciclinet al., 2000). In forming the worm gonad, distal tip cells
(DTCs) first migrate ventrally and then turn dorsally over II-positive axons cross the CNS midline (Figure 1B).
Moreover, kuz genetically interacts with slit and robo:the basal lamina of the body wall muscle (Figure 1A).
This dorsal turn requires a secreted member of the 12% of slit/kuz transheterozygotes exhibited a robo
phenotype, while the single heterozygotes were wild-ADAM family, MIG-17. In the mig-17 mutant, DTCs ex-
tend normally but are misdirected as they make the type, and a more severe robo CNS phenotype developed
when a single copy of kuz was removed in a robo mutantdorsal turn. Attempts to rescue the mig-17 phenotype
by expression of different forms of the MIG-17 protein, background. Based on these phenotypes, KUZ may fa-
cilitate Slit-Robo signaling by activating either Slit oreither in the muscle cells or the DTCs, revealed that the
muscle cells secrete MIG-17, which is then present on one or more of the Robo receptors through proteolytic
cleavage. Additionally, KUZ appears to be necessarythe surface of the gonad arms at the time DTCs make
their dorsal turn. Further experiments revealed that mig- to downregulate Robo expression by commissural axons
that cross the midline, as these axons continue to express17 interacts genetically with unc-6, the C. elegans ortholog
of Netrin: introduction of a mig-17 mutant enhanced the Robo when a dominant-negative KUZ is expressed in mid-
line cells by using a single-minded GAL4 driver (Figuredorsal DTC migration defects seen in unc-6 mutants.
The discovery that a metalloprotease interacts with a 1B). The fact that the Robo-misexpressing commissural
axons still cross the midline argues that the Slit-Roboknown guidance molecule raises the possibility that a
similar mechanism directs the trajectories of axons. signaling pathway is not functional.
Backing for the idea that metalloproteases functionDirect evidence for metalloprotease involvement in
axon guidance comes from a study of the Drosophila in vertebrate axon guidance comes from two recent
reports. First, a member of the ADAM family, ADAM23,CNS (Schimmelpfeng et al., 2001). Longitudinal axons
are prevented from crossing the midline by repulsive was identified in a gene trap screen in mice for genes
controlling neural connectivity (Leighton et al., 2001).interactions between Slit, a repellant localized to the
midline, and the Slit receptor family Roundabout (robo) However, currently, support for a guidance role for
ADAM23 is restricted to data showing that it is ex-(references in Schimmelpfeng et al., 2001). Thus, in robo
mutants, the Fasciclin II-positive longitudinal axons are pressed by axons in the developing mouse CNS and
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that ADAM23 mutants are ataxic (references in Leighton protease involvement in the activation or inhibition of
ligands bound to the ECM, bound to cell membranes, oret al., 2001). The second study asked whether metallo-
proteases regulate the growth and guidance of RGC free. However, only their involvement in ephrin signaling
has been linked to axon guidance (Hattori et al., 2000).axons in the developing visual system of Xenopus laevis,
where an exposed brain preparation has allowed the Here the suggestion is that signaling between ephrin
and its receptor is terminated when ephrin is cleavedrole of candidate molecules in RGC axon outgrowth to
be tested in vivo (Webber et al., 2002). Two different by metalloproteases localized to the same cells that
express ephrin, although, as yet, this interaction hasmetalloprotease inhibitors, GM6001 and BB-94, induced
similar defects in the optic projection as RGC axons only been demonstrated in vitro. Ligands can also be
activated or revealed by the action of metalloproteases,extended through the diencephalic neuroepithelium.
While most axons extended normally, they failed to although such a mechanism has not yet been demon-
strated in axon outgrowth. However, candidate modula-make appropriate guidance decisions at critical choice
points (Figure 1C). First, RGC axons grew straight in the tors of axon extension and guidance, such as growth
factors and cell adhesion molecules, are activated bymid-diencephalon, where they normally make a caudal
turn toward their target, the optic tectum. Second, if metalloproteases in other systems. For instance, metal-
loproteases release heparin binding epidermal growthinhibitors were not applied until after axons had made
this turn, errors were made at the next choice point: factor (EGF), transforming growth factor , and several
neurotrophins in activated forms (references in Kacz-instead of entering the optic tectum, axons invariably
made a dramatic turn and grew along the anterior tectal marek et al., 2002; Mechtersheimer et al., 2001). Simi-
larly, L1 is cleaved by metalloproteases to a solubleborder. The Webber et al. (2002) study clearly supports
a role for metalloproteases in axon extension and guid- form that then stimulates the migration of tumor cells
in culture (Mechtersheimer et al., 2001). Significantly,ance in vivo, but it is unclear which metalloproteases are
involved; whether they are associated with the growing soluble L1 is produced in the developing brain, but its
function is not understood. The activated ligands thenaxons, the substrate, or both; and what are the targets of
proteolysis (fibroblast growth factors, DCC, and ephrins presumably act directly on growth cone receptors either
in the soluble form or as part of the ECM substrate (asare all plausible candidates [Webber et al., 2002]). Inter-
estingly, the data do suggest that axon extension and is the case for the soluble L1, which can bind either
integrin receptors or laminin). Finally, the same MMPaxon guidance may be modulated by different metallo-
proteases. The metalloproteases regulating axon guid- can activate one pathway and inhibit another, some-
times with the same ultimate consequence: for example,ance appeared to be more sensitive to metalloprotease
inhibitors than those required for axon extension, with MMP-2 reveals an encrypted form of laminin-5 in the
ECM to facilitate the migration of breast cancer cellsextension defects observed only at the higher inhibitor
concentrations. Consistent with this hypothesis, differ- (references in Murphy and Gavrilovic, 1999) and inacti-
vates a neurite inhibiting chondrotin sulfate proteogly-ent metalloproteases, GON-1 and MIG-17, regulate ex-
tension and guidance of DTCs (Blelloch and Kimble, can present in sections of adult sciatic nerve (Zuo et
al., 1998).1999; Nishiwaki et al., 2000). To date, only ADAM family
members have been directly implicated in axon guid- Two alternate, although less well-studied, mecha-
nisms by which metalloprotreases may regulate axonance (Fambrough et al., 1996; Leighton et al., 2001;
Schimmelpfeng et al., 2001), and the inhibitors used in behavior include cleavage of growth cone receptors and
cell adhesion. Receptor cleavage would either terminatethe Xenopus RGC study block the activity of both MMPs
and ADAMs. The fact that one of the two Drosophila or activate receptor signaling. Termination appears to
be the case with the Netrin receptor DCC (Galko andMMPs, Dm1-MMP, is selectively expressed in a special-
ized CNS cell population that plays a major role in axon Tessier-Lavigne, 2000), while cleavage of the ectodo-
main of the TrkA neurotrophin receptor results in activa-guidance, the midline glia, hints that MMPs may indeed
be important players in regulating axon trajectories tion by generating cell-bound receptor fragments whose
intracellular domain is constitutively tyrosine phosphor-(Llano et al., 2000). Nevertheless, a direct role for MMPs
in axon guidance remains to be demonstrated unequivo- ylated (reference in Webber et al., 2002). Cell adhesion
would be specific to the ADAMs in that only they containcably.
How might metalloproteases regulate axon extension a disintegrin domain (Schlondorff and Blobel, 1999). For
instance, ADAM9 is known to cause the shedding ofand guidance? While the classical view has been that
metalloproteases chew up the ECM, thereby clearing a heparin binding EGF. However, it also binds to an 61
integrin on the cell surface and thereby enhances thepassage for axons extending through the environment
(Muir, 1994), it is now clear that metalloprotease regula- motility of cultured fibroblast cell lines (Nath et al., 2000).
The metalloprotease and disintegrin functions of ADAMstion of axon extension and guidance is much more com-
plicated. Insight into how they may function comes from may be independent in that BB-94, which binds to and
inhibits the protease domain, had no effect either onin vitro studies examining the actions of metallopro-
teases on cell migration and specific axon guidance the binding of an ADAM9/Fc protein to integrin or on
cell motility.signaling pathways (Galko and Tessier-Lavigne, 2000;
Hattori et al., 2000; Murphy and Gavrilovic, 1999). These Interestingly, metalloprotease modulation of growth
and guidance cues may be a two-way street, with theinvestigations suggest that metalloproteases may inter-
act with guidance signaling pathways—via either the ECM substrate regulating both the location and the ac-
tivity of the proteases (Galvez et al., 2002). Human endo-ligands and/or their receptors—with either pathway acti-
vation or repression as the outcome. thelial cells do not locomote on 1 integrin-dependent
substrates, such as collagen and fibronectin, but do soIn the case of the ligands, evidence exists for metallo-
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Nishiwaki, K., Hisamoto, N., and Matsumoto, K. (2000). Science 288,on gelatin. In nonmigratory cells, inactive MT1-MMP was
2205–2208.found at the site of cell-to-cell contacts, associated with
Schimmelpfeng, K., Gogel, S., and Klambt, C. (2001). Mech. Dev.1 integrin. In contrast, in motile cells, clustered v3
106, 25–36.integrin localized an active form of MT1-MMP at struc-
Schlondorff, J., and Blobel, C.P. (1999). J. Cell Sci. 112, 3603–3617.tures involved in motility, such as filopodia. The authors
Webber, C.A., Hocking, J.C., Yong, V.W., Stange, C.L., and McFar-speculate that MMPs could be activated at the onset
lane, S. (2002). J. Neurosci. 22, 8091–8100.of cell migration, helping cells to separate by cleaving
Yan, Y., Shirakabe, K., and Werb, Z. (2002). J. Cell Biol. 158, 221–226.adhesion receptors. The MMP would remain active in
Yong, V.W., Power, C., Forsyth, P., and Edwards, D.R. (2001). Nat.the migrating cells, functioning to regulate cell motility
Rev. Neurosci. 2, 502–511.
by ECM degradation. This observation starts to address
Zuo, J., Ferguson, T.A., Hernandez, Y.J., Stetler-Stevenson, W.G.,the issue of what turns on the metalloproteases in the
and Muir, D. (1998). J. Neurosci. 18, 5203–5211.
first place. Additionally, growth factors and signaling
through G protein-coupled receptors have both been
shown to activate metalloproteases (Muir, 1994; Yan et
al., 2002).
To determine which metalloproteases are important
and what subset of guidance molecules they regulate,
future studies will need to focus on individual metallo-
proteases. The variety of metalloproteases expressed in
the developing brain and the growing list of targets illus-
trate the enormity of this task (Kaczmarek et al., 2002).
Fortunately, the fact that axon guidance defects are
associated with individual metalloprotease mutants in
Drosophila and mice points to high specificity and lim-
ited redundancy (Leighton et al., 2001; Schimmelpfeng
et al., 2001). The study of the involvement of metallopro-
teases in vertebrate axon outgrowth will be facilitated
by the investigation of genes identified as encoding met-
alloproteases from the Drosophila and C. elegans genome
projects. Finally, MMP-9 has been implicated in den-
dritic remodeling in the adult rat hippocampus following
systemic administration of the glutamate receptor ago-
nist kainate (Kaczmarek et al., 2002). Thus, a discussion
of the importance of metalloproteases in the formation
of neural connections may need to be expanded to in-
clude dendrite formation in addition to axon outgrowth.
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